We report the first analysis of a flash produced by the impact of a meteoroid on the lunar surface and recorded both in the near-infrared and in the sporadic meteoroids impacting the Moon. We have determined that this efficiency is around 56% higher than in the visible band and we have found a maximum impact plume temperature of ~4000 K at the initial phase followed by temperatures of around 3200 K after the peak brightness. The size of the crater produced as a consequence of this impact is also calculated.
Accepted for publication on Monthly Notices of the Royal Astronomical Society on 2018 July 7 on the value adopted for the so-called luminous efficiency. This parameter is the fraction of the kinetic energy of the impactor that is emitted as visible light during the impact.
In the last decades, flashes produced by the collision of shower and sporadic meteoroids have been identified in the framework of several monitoring programmes by means of small telescopes and high-sensitivity CCD cameras (Ortiz et al. 2000; Yanagisawa and Kisaichi 2002; Yanagisawa et al. 2006; Cooke et al. 2006; Ortiz et al. 2006; Ortiz et al. 2006; Madiedo et al. 2014a; Suggs et al. 2014; Madiedo et al. 2015a,b) . However, the detection of these impact flashes has so far been performed in the visible range. Our team started in 2009 a lunar impact flashes monitoring program named MIDAS (Madiedo et al. 2010; Madiedo et al. 2015a,b) , which is the continuation of the lunar impact flashes monitoring project started by the second author in 1999 (Ortiz et al. 1999) . Since 2015, in addition to the observations performed in visible band, we are also conducting a monitoring of the night side of the Moon in the near-infrared (NIR) by using a specific NIR filter. In this way, we can analyze the behaviour of these impact flashes in different spectral bands. By following this approach, MIDAS became the first system that can determine the temperature of these impact flashes (Madiedo and Ortiz 2016, 2018) . The usefulness of performing observations in the near-infrared was addressed in Cudnik (2010) . In this work we focus on a lunar impact flash identified by several of our telescopes on 2015
March 25. It was simultaneously recorded in both visible and NIR bands.
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The analysis of this event has provided an estimation of the emission efficiency for flashes produced by sporadic sources in the NIR. Here we use the term emission efficiency in the near Infrared (η I ) to distinguish it from the luminous efficiency concept (η), which is applicable to the whole CCD sensitivity wavelength range of 400nm to 900 nm as defined in the initial papers on lunar impact flashes (Ortiz et al. 1999 , Bellot et al. 2000a ).
INSTRUMENTATION AND METHODS
The event analyzed here was recorded from our observatory in Sevilla monitored by these devices. The telescopes are tracked at lunar rate, but they are manually recentered when necessary, since perfect tracking of the Moon at the required precision is not feasible with this equipment.
The observations conducted with the 0.36 m and the 0.28 m telescopes were performed without any filter. These provided images in the wavelength range between, approximately, 400 and 1000 nm. However, a NIR filter (model Baader IR-pass) was employed for the camera attached to the 0.24 m telescope. As a result, the images taken by this telescope corresponded to wavelengths raging from 685 to 1000 nm.
Our dates of monitoring did not coincide with the activity period of any major meteor shower. So, the telescopes were aimed to an arbitrary but common area of the lunar disk. Of course, the terminator was avoided in order to avoid an excess of light from the illuminated side of the Moon in the telescopes. For the identification and analysis of impact flashes we have employed the MIDAS software (Madiedo et al. 2010 (Madiedo et al. , 2015a .
OBSERVATIONS
The This software tool measured the average luminosity of the area on the lunar surface enclosed by the event, and took into account only those video frames where this luminosity was above the sum of the average luminosity of the same area on the Moon immediately before the event took place and the corresponding standard deviation of that luminosity. It is important to notice that the diameter of the telescope employed to obtain images in the NIR was smaller. This means that the ability of this device to collect light (and hence its sensitivity to record dimmer events) is lower. So the larger duration of the flash in the near-infrared can be explained on the basis of the enhanced contrast that the NIR filter provides between the impact flash and the Earthshine (Figures 2a and 2b ).
The main parameters of the impact flash are listed in Table 1 . The impactor hit the lunar surface at the selenographic coordinates 11.3 ± 0.1 ºN, 21.6 ± 0.1 ºW, which corresponds to a position close to the northwest wall of crater Copernicus.
RESULTS AND DISCUSSION

Flash brightness
To estimate the magnitude in our NIR band we have followed the procedure described in Madiedo et al. (2014a) . Thus, the brightness of the flash was compared with the brightness of reference stars recorded during the same observing session whose visual magnitude is known. This was done by using the stars magnitudes in I-band, which is the closest band to our filter in the Bessel Cousins photometric system. Eight calibration stars with similar airmass and apparent brightness to that of the flash were employed.
Even though the transmission of our filter does not exactly match the shape and width of the standard I filter, it is reasonably close, given that the sensitivity of the CCD camera quickly decays in this wavelength range. The But since in this case observations in the NIR are available, by using the information from the rough V-I colour determined from our data we can do that, at least approximately. Given that the sensitivity of the CCD camera is Accepted for publication on Monthly Notices of the Royal Astronomical Society on 2018 July 7 not solely centered in the V band, and we did not use a V-band filter, NIR radiation can enter the detector and so it is reasonable to expect that this effect should be taken into account. In fact, we believe that a large fraction of the flux in our unfiltered observations includes NIR flux. Thus color term corrections seem necessary. The V-band magnitude was calculated by using the standard relationship
where m Vo is the zero-point for the V filter, S the measured signal, K I the colour term transformation coefficient, K the extinction coefficient, and X the airmass. We employed calibration stars, with known m V and m I , to obtain the values of K I , m Vo and KX. These stars were observed with our telescopes to measure their corresponding signal S. We considered eight calibration stars with the same airmass as the impact flash, so that in this calibration we simultaneously determined m Vo and KX in a single constant by performing a least-squares fit. The value of K I resulting from this calibration is 0.18, and the peak magnitude of the flash in V band yields 7.3 ± 0.2. We have assumed a typical error for K I of about 30 %. This error was provided by the above-mentioned fit. It is important to point out that we should have used a similar transformation equation for the I magnitude as we did for the V magnitude in Equation (1). But unfortunately we could not determine color correction terms for the I filter. For this reason, the Accepted for publication on Monthly Notices of the Royal Astronomical Society on 2018 July 7 uncertainty for the flash magnitude in V band is lower than the uncertainty in I band.
Meteoroid source
It is a well-known fact that it is not possible to unambiguously establish the source of the impactors from the monitoring of lunar impact flashes.
However, it is possible to determine the most likely source of these projectiles by calculating the probability that an impact flash is associated to a given meteoroid source (Madiedo et al. 2015a,b) . Following this approach, the impact flash can be linked to the meteoroid source that provides the highest value for this probability.
At the time of the impact flash detection no major meteor shower was active on Earth. Thus, we have considered that the event could be produced either by a sporadic meteoroid or by a particle belonging to a minor meteoroid stream. From March 24-26 our meteor observing stations (Madiedo and Trigo-Rodríguez 2008; Madiedo et al. 2013; Madiedo 2014 ) recorded activity from the Virginids (VIR) and the γ-Normids (GNO), both with a zenithal hourly ZHR of below 1 meteor h -1 . The impact geometry of both streams was compatible with that of the impact flash discussed here. So, we have assumed that the impactor could be linked to one of these two meteoroid streams or to the sporadic background. The corresponding association probabilities, labelled by p VIR , p GNO and p SPO , respectively, were calculated according to the methods described in Madiedo et al. (2015a,b) .
Thus, by using Eq. (15) 
Emission efficiency in the near infrared and impactor mass
The lightcurve of the impact flash in visible and NIR bands is shown in Figure 4 . As can be noticed, and within the time resolution provided by our cameras, the flash peaks at the same instant in both bands, but it remains brighter in the near-infrared during the whole duration of the event.
The radiated energy on the Moon corresponding to an impact flash with a magnitude m can be obtained by integrating the radiated power P defined by the following equation:
where P is given in watts, 3.75·10 . Also the corresponding energy radiated in the near-infrared by employing m = 5.1 and ∆λ = 0.315 µm. Note that the zero magnitude flux density for I band is 9.76 ·10 -9 Wm -2 µm -1 according to Bessel (1998) and not 3.75 ·10 -8 Wm -2 µm -1 . The Earth-Moon distance at the instant of the impact was R= 389134.5 km. According to our calculations these energies yield E V = 1.46·10 6 J and E I = 1.44·10 6 J, respectively. This Accepted for publication on Monthly Notices of the Royal Astronomical Society on 2018 July 7 smaller value mainly comes from the smaller bandpass of our near-infrared observations. If we used a normalized passband of 0.5 microns for the two cases, or use the flux density, the energy emitted in a normalized passband in the infrared would be 0.5/0.315 times larger or E I = 2.28·10 6 J. Hence there is a significant increase of the efficiency in the near-infrared compared to that in the visible.
To estimate the kinetic energy of the impactor, the meteoroid mass and the emission efficiency in the infrared, we have assumed that the luminous efficiency in V band for sporadic impact flashes is 2·10 -3 (Ortiz et al. 2006 (Ortiz et al. , 2015 . However, it must be taken into account that this efficiency in V band was obtained by employing f = 3 in Eq. (2). Since in this work we have taken f = 2, we must multiply this efficiency by a factor 3/2, so that the assumed luminous efficiency in V band for the event considered here yields η V = 3·10 -3 . The kinetic energy E k of the impactor is then given by the equation
and yields E k = 4.86·10 8 J.
Once the kinetic energy is known, the emission efficiency in our NIR band η NIR can be estimated from Accepted for publication on Monthly Notices of the Royal Astronomical Society on 2018 July 7
This parameter yields η I = 4.7·10 -3 . Nevertheless, this result depends critically on the value adopted for η V. For η V = 5·10 -4 and η V = 5·10 -3 the kinetic energy of the impactor yields 2.91·10 9 J and 2.91·10 8 J, respectively, while the resulting emission efficiency in the infrared yields 7.8·10 -4 and 7.8·10 -3 , respectively. According to this calculation, the emission efficiency for sporadic events in this spectral band is higher than in V band by a factor of about 56%. Notice that this factor does not depend on the value adopted for η V . This factor shows that presumably a large part of the electromagnetic energy released as a consequence of the impact is radiated in the infrared.
For an impact velocity V for sporadics of 17 km s -1 the kinetic energy E k calculated by assuming η V = 3·10 -3 corresponds to an impactor mass M = 3.4 ± 0.3 kg. To obtain the impactor size we have considered a bulk density of 1.8 g cm -3 for sporadic meteoroids (Babadzhanov and Kokhirova 2009 ).
According to this assumption, the impactor diameter would be D P = 15.3 ± 0.4 cm. For η V = 5·10 -4 and η V = 5·10 -3 this calculation yields M = 20 ± 3 kg and M = 2.0 ± 0.3 kg, respectively, and the corresponding meteoroid diameter yields D P = 27 ± 1 cm and D P = 12.8 ± 0.6 cm, respectively.
Impact plume temperature
From the magnitudes shown in Figure 4 , the evolution with time of the energy flux density measured on Earth for both V and I bands (denoted by 
where, as mentioned above, 3.75·10 -8 and 9.76·10 -9 are the irradiance of a magnitude 0 star in Wm -2 µm -1 for V and I bands, respectively (Bessel 1998 ).
If we assume that the intensity distribution of the impact flash follows Planck's law, the ratio of these flux densities must satisfy the equation In this relationship λ V = 0.55 µm and λ I = 0.798 µm are the effective wavelengths for V and I bands, respectively (Bessel 2005) , h is Planck's constant, c the speed of light in vacuum, and k is Boltzmann's constant. The evolution with time of the impact plume temperature T estimated by solving Eq. (7) is shown in Figure 5 . This plot shows that this temperature reached a maximum value of around 4000 K at the beginning of the flash, and then Accepted for publication on Monthly Notices of the Royal Astronomical Society on 2018 July 7 after a sudden decrease to around 3200 K it remains practically constant for around 0.1 s. This suggests that during this phase the condensation process gives rise to equilibrium in the impact plume, so that the temperature remains constant as a consequence of the release of evaporation energy (Nemtchinov 1998) . After that time the plume temperature slowly decreases to a final value of ~2900 K by the end of the event.
Crater size
The results obtained from the analysis of the crater resulting from the impact of the meteoroid on the lunar surface are summarized in Table 2 . We have employed the crater-scaling equation for the Moon given by Gault, which is valid for craters with a diameter of up to about 100 meters in loose soil or regolith (Gault 1974 , Melosh 1989 :
Magnitudes in this relationship must be entered in mks units. D is the crater diameter, E k the kinetic energy of the impactor, ρ p and ρ t are the impactor and target bulk densities, respectively, and θ is the impact angle with respect to the horizontal. Since this angle is unknown for sporadic meteoroids (the most likely source of the impact flash), we have considered θ = 45º, which is the value of the most likely impact angle. The rim-to-rim crater diameter derived from Eq. (8), with the value of E k obtained with η V = 3·10 -3 , yields D = 6.4 ± 0.2 m for an impactor bulk density of 1.8 g cm -3 . For the target Accepted for publication on Monthly Notices of the Royal Astronomical Society on 2018 July 7 bulk density we have taken ρ t = 1.6 g cm -3 . As an alternative formula to obtain the rim-to-rim diameter of this crater we have employed the following equation (Holsapple 1993) :
where the adimensional factor π v is obtained from
In Equations (9) and (10) It must be also taken into account that despite ρ p = 1.8 g cm -3 has been adopted above, the density of sporadic meteoroids can range from 0.3 g cm -3
(the density of soft cometary materials) to 3.7 g cm -3 (the density of (the density of soft cometary materials) and 1.8 g cm 
CONCLUSIONS
We have The emission efficiency in the NIR for this sporadic event has been also inferred. The value of this parameter yields 4.7·10 -3 , which is higher, by around 56%, than the luminous efficiency in visible band. This shows that presumably a large part of the electromagnetic energy radiated as a Accepted for publication on Monthly Notices of the Royal Astronomical Society on 2018 July 7 consequence of the impact is emitted in the near infrared. The temperature of the impact plume, which has been obtained from the energy flux densities for V and I bands, is of around 3200 K during most of the light curve, which suggests that condensation gives rise to equilibrium in the impact plume during this stage. But the very initial flash is even hotter (about 4000 K), and this temperature decreases to ~2900 K by the end of the event. Table 2 . Rim-to-rim crater diameter predicted by the Gault and the 
